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Cerebral malaria (CM) remains a poorly understood and life-threatening complication of malaria caused by
the parasite Plasmodium falciparum. The discovery that murine CM caused by Plasmodium berghei ANKA and
human CM are both characterized by production of inflammatory cytokines, especially tumor necrosis factor
alpha (TNF-a), led to a revival of the suggestion that P. berghei CM may have value as a model of the human
disease. In this study, quantitative reverse transcription-PCR was used to measure levels of message for 18S
rRNA of P. berghei and 10 cytokines in the brains, livers, and spleens of mice during the induction and course
of CM. A coordinated increase in RNA of parasite and proinflammatory cytokines was observed in the brains
of mice in parallel with onset of CM. Levels of message for parasite, TNF-a, and gamma interferon increased
in the brains of mice from day 5 to death on day 7. These changes were observed only in the brain, and message
for other cytokines remained near baseline levels. This demonstrated that parasite sequestration does take
place in the brains of mice with CM. Histologically, CM was characterized by widespread damage to the
microvasculature in the brain with focal infiltration of inflammatory cells. The pattern of cytokine production
in the brain is characteristic of other murine encephalitides.

The pathogenesis of cerebral malaria (CM) remains contro-
versial despite nearly 100 years of research. According to the
World Health Organization, the incidence of the disease is
rising, and it currently causes 3,000 to 5,000 deaths/day, pri-
marily in children. The spread of the resistance of parasites to
antimicrobials and the resistance of malaria-carrying mosqui-
toes to insecticides is confounding efforts to control the dis-
ease, adding urgency to the need for new therapeutic ap-
proaches.

All symptoms of malaria are caused by parasites in erythro-
cytes (28). In general, children with CM have high levels of
parasitemia. However, some tolerate this parasitemia with only
mild symptoms, while others succumb to low-level parasitemia.
This suggested that CM may be an immunopathology resulting
from the host response to infection (3, 24). Early investigators
described two characteristic pathologic changes in CM: seques-
tration of parasitized erythrocytes in small vessels of the brain
and endothelial-cell damage ranging from swelling to micro-
vascular necrosis (43). Hemorrhage, thrombosis, and mononu-
clear-cell inflammation were also reported (43). Sequestration
of erythrocytes has consistently been emphasized in the human
disease. It has been reported that in the mouse model, mono-
cytes rather than parasitized erythrocytes are the predominant
cells sequestered in the brain. This has led to frequent state-
ments that Plasmodium berghei ANKA CM is not a good
model of the human disease (25, 28). However, the histopatho-
logic changes of both human and murine CM vary among
individuals, and sequestration in both diseases has been attrib-
uted to expression of receptors on endothelial cells. Further-
more, some investigators report that the murine model can

duplicate the pathologic changes of the human disease rather
well (7, 30–33). Many uncertainties still remain.

Recent demonstrations that tumor necrosis factor alpha
(TNF-a) is involved in the pathogenesis of both human and
murine CM has rekindled interest in murine models (3, 14, 18,
20, 33). Multiple investigators have found that patients with
CM are more likely than those with uncomplicated malaria to
have elevated levels of TNF and TNF receptors in their circu-
lation and that the levels of TNF predict outcome (17, 22, 27).
Also, phospholipids of Plasmodium falciparum induce produc-
tion of TNF by cells in culture nearly as effectively as lipopoly-
saccharide (21). Parasites isolated from children with CM were
reported to be more likely to induce high TNF levels from
cultured cells in vitro than isolates from children with uncom-
plicated malaria fever (3). Finally, children with a high level of
promoter for TNF were reported to be more likely to develop
CM than others (26). The data relating murine CM to TNF is
even stronger. TNF production in brain tissue has been dem-
onstrated by immunohistochemistry and reverse transcription-
PCR (RT-PCR) (14, 15). Injection of TNF into genetically
resistant infected mice has been reported to trigger develop-
ment of CM, while injection of anti-TNF antibodies prevents
CM (15).

TNF does not act alone in the induction of CM. There is
increasing evidence that it acts in concert with gamma inter-
feron (IFN-g) and other cytokines (14, 36). While these inves-
tigations have established that TNF and other cytokines con-
tribute to the pathogenesis of CM, they have not determined
why the brain is particularly susceptible. The development of
quantitative RT-PCR which uses a highly sensitive biolumines-
cent tag makes it possible to measure parasites and markers of
inflammation in tissue with a precision not previously possible
(1, 37). We used this method with histopathologic examination
to investigate cytokines in the brains, spleens, and livers of
mice developing CM. The results demonstrate coordinated
production of message for proinflammatory cytokines and se-
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questration of parasite RNA in the brains of mice with focal
infiltration of inflammatory cells in a pattern characteristic of
encephalitis.

Animals, parasites, and infection. Twelve-week-old patho-
gen-free female C57BL/6J and A/J mice (Jackson Laboratory,
Bar Harbor, Maine) were infected intravenously with 104

P. berghei ANKA-parasitized erythrocytes from homologous
donors that had been infected with frozen stock maintained in
Glycerolyte 57 solution (Baxter Health Corp., Deerfield Ill.) at
270°C in 200-ml aliquots (5). Age- and strain-matched naive
mice were used as controls. Parasitemia was assessed from
Giemsa-stained thin smears of tail blood prepared at least
every other day postinfection, and the smears were used to
determine the percentage of parasitized erythrocytes. C57BL/
6J mice developed paralysis, convulsions, and coma and died
within 7 days of inoculation with parasitemias of less than 10%.
A/J mice, in contrast, developed similar parasitemia for the
first 7 days but survived several weeks longer without cerebral
signs and died with anemia and overwhelming parasitemia of
60 to 80%.

Quantitative bioluminescent RT-PCR procedure. Blood
(100-ml) or tissue (25-mg) samples from infected or control
mice were collected, placed in RNAzol B (TelTest, Inc.,
Friendswood, Tex.), and frozen at 270°C. RNA was extracted,
resuspended in diethylpyrocarbonate-treated water, quanti-
tated spectrophotometrically, and stored at 270°C. RNA (1.0
mg) was reverse transcribed to cDNA in a 25-ml volume using
reverse transcriptase (Life Technologies, Gaithersburg, Md.)
(42). The resulting cDNA was diluted 1:8 prior to PCR ampli-
fication. Five microliters was further subjected to PCR.

Optimum cycles for PCR were determined empirically where
detectable products were below saturating conditions during
log-linear amplification. PCR denaturation, annealing, and
elongation were carried out at 94, 54, and 72°C for 1, 1, and 2
min, respectively, with a PTC-100-96V thermal cycler (MJ
Research, Watertown, Mass.). Primers (59 to 39) were as follows:
for IFN-g cDNA (399 bp), biotin-AAC-GCT-ACA-CAC-TGC-
ATC-T (sense) and GAG-CTC-ATT-GAA-TGC-TTG-G(anti-
sense); for TNF-a cDNA (254 bp), GAT-CTC-AAA-GAC-
AAC-CAA-CTA-GTG (sense) and biotin-CTC-CAG-CTG-
GAA-GAC-TCC-TCC-CAG (antisense); for interleukin-1b (IL-
1b) cDNA (194 bp), GGA-ATG-ATG-ATG-ATA-ACC-
TG (sense) and biotin-TTG-TCG-TTG-CTT-GGT-TCT-CCT
(antisense); for P. berghei 18S rRNA (678 bp), ATC-AGC-
TTT-TGA-TGT-TAG-GGT-ATT-G (sense) and GCG-GTA-
ATT-CCA-GCT-CCA-A (antisense); and for b-actin cDNA
(185 bp), TGT-TAC-CAA-CTG-GGA-CGA-CA (sense) and bi-
otin-GGA-TGG-CTA-CGT-ACA-TGG-CT (antisense). The cy-
cle number was 20 for b-actin and IL-1b and 25 for IFN-g and
TNF-a. The primers were synthesized at the microchemical fa-
cility at Emory University (Atlanta, Ga.) or Operon Technologies
(Alameda, Calif.). cDNA samples were additionally subjected to
40 cycles of amplification and electrophoresis followed by
ethidium bromide staining to confirm single-band products.

Quantitation of PCR product was accomplished by using the
microplate bioluminescent assay previously described (1, 37,
38). Biotinylated PCR product (5 ml) was denatured for 5 min
with 1.25 ml of denaturation buffer (1 M NaOH, 200 mM
EDTA). Neutralization buffer (6.25 ml) (0.15 M Na2HPO4, pH
6.0) was added and allowed to react for 1 min. The sample was
transferred to streptavidin-coated 96-well microplates (Micro-
Coat, Penzberg, Germany) containing 4 ng of digoxigenin
(DIG)-labeled probe in hybridization buffer (62.5 mM
Na2HPO4, 0.94 M NaCl, 94 mM citric acid, 10 mM MgCl2,
0.125% Tween 20, 0.0625% bovine serum albumin, 15 mM

NaN3 [pH 6.5]). The probes were as follows: for IFN-g
cDNA, DIG-TCG-CCT-TGC-TGT-TGC-TGA; for IL-1b
cDNA, CAG-CTG-CAC-TAC-AGG-CTC-CG-DIG; for TNF-a
cDNA, CTC-TTC-AAG-GGA-CAA-GGC-TG-DIG; and for
P. berghei 18S rRNA, TTG-GAG-CTG-GAA-TTA-CCG-C-
DIG. Hybridization at 42°C for 1 h was followed by washing
with 150 ml of SeaLite wash buffer (SeaLite Sciences, Inc.,
Norcross, Ga.). AquaLite-conjugated anti-DIG antibody (5
ng) (SeaLite Sciences, Inc.) was added for 30 min with agita-
tion (180 rpm) at room temperature and washed. The biolu-
minescent reaction was initiated with AquaLite trigger solution
(50 mM Tris, 10 mM calcium acetate, 15 mM NaN3 [pH 7.5])
in an ML 3000 luminometer (Dynatech Laboratories, Inc.,
McLean, Va.), and light emission measured at 469 nm was
integrated over 1.8 s to produce results in relative light units
(RLU). Results on blood and tissue samples were normalized
to b-actin (GAG-CAC-CCT-GTG-CTG-CTC-DIG), accord-
ing to the method previously described for hypoxanthine phos-
phoribosyltransferase (39).

Quantitation of P. berghei message in blood, brain, spleen,
and liver. Parasite-specific RNA was measured in blood and
brains of P. berghei-infected CM-susceptible (C57BL/6J) mice
on day 7 and CM-resistant (A/J) mice on day 20 when they
became moribund (Fig. 1A). At the present stage of develop-
ment, the method is not sufficiently reproducible to provide

FIG. 1. P. berghei parasite message in blood and brain tissue of CM-suscep-
tible and CM-resistant mice. Total RNA was isolated from blood or brain tissue
of CM-susceptible (C57BL/6J) mice (solid circles) at 7 days or CM-resistant
(A/J) mice (open circles) at 20 days. Message for 18S rRNA P. berghei was
quantitated by RT-PCR followed by ultrasensitive bioluminescent detection of
product. The results of increasing PCR amplification from 0 to 33 cycles are
shown to illustrate the performance of the assay during the log-linear phase of
PCR amplification. This experiment was repeated four times with equivalent
results.
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confidence in reporting results of RT-PCR analysis as absolute
counts of parasites or parasitized erythrocytes. Nevertheless, in
several experiments we calculated that between 4 and 7 RLU
were detected for each parasitized erythrocyte. The most ac-
curate quantitation of RNA was the ordinal difference between
the linear portions of the curves (the difference between their
x intercepts) derived from linear regression. By this analysis,
the parasite RNA level was 31-fold higher in the blood of A/J
than C57BL/6J mice. This was consistent with parasite counts
on Giemsa-stained smears. However, the pattern was reversed
in the brains of the same animals: the parasite RNA level was
202-fold higher in C57BL/6J mice than in A/J mice (Fig. 1B).
Consequently, ;6,000-fold (31 3 202) more parasites became
sequestered in the brains of C57BL/6J mice in parallel with the
onset of CM than could be accounted for by parasitemia. In
longitudinal studies of susceptible mice, parasite RNA in-
creased rapidly in brain tissue from 5 days after infection until
death (Fig. 2). The levels of parasite RNA in livers and spleens
of these animals did not show a similar rapid increase during
this time. It is important to point out that the demonstration of
parasite message in the brains of mice does not imply that the
mechanisms of sequestration are similar to those in human
CM.

Quantitation of cytokine message in brain, spleen, and liver.
CM in mice has been associated with elevated levels of TNF (9,
19). However, injections of TNF fail to induce cerebral signs,
suggesting that TNF is produced locally in the brains of mice
with CM (9, 14). In order to determine if this is a manifestation
of localized encephalitis or systemic disease, we measured mes-
sage for proinflammatory cytokines in the brains, livers, and
spleens of mice during the course of disease. In the brain,
levels of RNA for TNF-a and IFN-g rose in parallel with
parasite RNA levels (Fig. 3A). This was associated with an
earlier (day 5) and smaller increase in levels of RNA for IL-1b.
These three proinflammatory cytokines are known to act syn-
ergistically (9, 14). No significant induction of message for
IL-2, IL-4, IL-5, IL-6, IL-10, IL-12, or granulocyte-macrophage
colony-stimulating factor was detected in the brains of these
mice during the course of disease. This data is consistent with

earlier reports that message for TNF, IFN, and IL-1a is up-
regulated in the brains of mice with CM (13).

The cytokine profile in other organs was different and did
not correlate with the development of CM. In the spleen,
IFN-g message increased and persisted throughout the course
of infection, but that for TNF-a and IL-1b remained near
baseline (Fig. 3B). In the liver, IL-1b and TNF-a expression
increased, while that of IFN-g remained near baseline (Fig.
3C). No significant induction of message for IL-2, IL-4, or
IL-12 was detected in the livers or spleens of these animals.

Since encephalitis is defined as “inflammation of the brain”
(4), these results demonstrate that murine CM is an encepha-
litis characterized by sequestration of parasites and production
of message for proinflammatory cytokines in the brain. Mice
die of the encephalitis while parasitemia is at levels that pro-
duce no detectable symptoms in CM-resistant mice. The pat-
tern of cytokine production in these mice is similar to that
reported to occur in experimental allergic encephalomyelitis
and in the encephalitis produced by lymphocytic choriomenin-
gitis virus (8, 29, 34). In both of these diseases, the expression
of RNA message in brain tissue for IFN-g, IL-1b, and TNF-a
correlates with the progression and severity of disease.

Gross and histologic examination of brains of mice with CM

FIG. 2. P. berghei parasite message in brain, spleen, and liver during induc-
tion of CM. P. berghei message was measured in the brains (circles), spleens
(squares), and livers (triangles) during the course of CM in C57BL/6J mice.
Measurements were made by using 20 PCR cycles as optimized in preliminary
studies. The results are the mean (n 5 3, standard deviation, ,10%) RLU per
microliter of blood volume in each tissue (40). Day 0 levels represent a back-
ground of ,1,200 RLU. The increase in parasite RNA in the brain compared to
the level in the liver or spleen on days 5 and 7 was statistically significant at a
P value of ,0.01 (p) by the nonparametric Mann-Whitney test.

FIG. 3. Cytokine message in brain, spleen, and liver during induction of CM.
Message for IFN-g (open circles), IL-1b (triangles), TNF-a (squares), and
P. berghei parasites (solid circles) from tissues of infected mice was measured
with bioluminescent RT-PCR. The results are presented as mean fold change
compared to noninfected control mice for brain (A), spleen (B), and liver (C).
(n 5 3 or 4; data are means 6 standard deviations).
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further defined the disease. Cross sections of the brains of mice
with CM revealed petechial hemorrhages in the deep white
matter of the cerebral and cerebellar cortexes. No gross ab-
normalities were visible in the gray matter of the outer cortex.
Sections of brain were fixed in 10% neutral buffered formalin
and processed for microscopic analyses. The typical inflamma-
tory lesions of murine CM, consisting of accumulation of
mononuclear cells with occasional parasitized erythrocytes in
cerebral blood vessels, were observed (Fig. 4A). However,
these changes were restricted to focal areas of the cortex. A
more widespread change was swelling and degeneration of
endothelial cells with surrounding edema. These changes be-
gan by day 3 and progressed by day 7 to the point of wide-
spread death and fragmentation of the cerebral microvascula-
ture (Fig. 4B). The separation of areas of inflammation from
those of microvascular destruction suggests that the proinflam-
matory cytokine message detected in the brains of these mice
might be produced by brain cells (microglial cells or astrocytes)
instead of or in addition to monocytes (11, 23). Nevertheless,
coordinated synthesis of three proinflammatory cytokines
(TNF, IFN, and IL-1) is probably important since they have
been reported to act synergistically to produce deleterious
effects, including killing of endothelial cells.

The possible similarities of murine CM and human CM require
comment. Virtually all investigators of the human disease have
reported endothelial-cell damage in addition to obstruction of the
microcirculation by parasitized erythrocytes (2, 33, 41). Some
investigators report that there is little inflammatory response (28).
Others report that monocytes can be more prevalent in blood

vessels than parasitized erythrocytes and that obstruction of ce-
rebral vessels with parasitized erythrocytes is not required for the
development of brain lesions in humans (7). Toro and Roman
reported that CM has histologic features reminiscent of postvac-
cinal or parainfectious encephalomyelitis (40). Swelling, degener-
ation, and death of microvascular endothelial cells with edema,
hemorrhage, and thrombosis have also been reported by many
investigators of human CM.

The hypothesis that CM is an encephalitis characterized by
local production of proinflammatory cytokines in the brain
could explain many of its manifestations. TNF can induce rapid
onset and rapidly reversible increases in permeability of endo-
thelial cells associated with edema of the brain (10). This might
explain the rapid onset of CM and total recovery typical of
survivors (12, 28). TNF also induces generation of monocyte
chemotactic factors by endothelial cells and activation of the
adhesion molecules ICAM-1 and E selectin (6, 16). Sequestra-
tion of P. falciparum-parasitized erythrocytes is thought to in-
volve binding to these receptor molecules via surface knobs
(2). This binding occurs in many organs but is greatly increased
in the brain in CM, suggesting local activation of receptors
(35). The mechanism of binding of P. berghei erythrocytes is
unknown, although, like P. falciparum, it preferentially involves
mature parasite forms (43). Finally, TNF can produce death of
endothelial cells, focal vascular necrosis, hemorrhage, and
thrombosis (41). Among individuals, as among strains of mice,
the relative preponderance of manifestations varies. However,
the common pathway may well be widespread activation and/or
damage of endothelial cells by locally produced proinflamma-
tory cytokines, specifically TNF and IFN acting in concert.

This work was supported by grant AI31064 from the National Insti-
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